This paper describes the development of the depth profiling method of ultra trace metal impurities in polytetrafluoroethylene (PTFE) wares based on contamination-free sampling followed by acid-vapor extraction and its application to evaluate the washing method for PTFE wares. A contamination-free sampling process was achieved by scraping the surface of PTFE wares with the cleft face of a silicon wafer followed by exposing the PTFE scraped to highly pure acid-vapor. The concentration of metal impurities in extractants was determined by ICP-MS equipped with an electrothermal vaporizer (ETV-ICP-MS). The blank values of Al, Cr, Fe, Ni and Cu by the depth profiling method were 0.006, 0.004, 0.005, 0.002 and 0.003 ng, respectively. By analyzing the depth profile of beakers, the distributions of ultra trace (ng g -1 level) metal impurities were clarified. An examination of the washing methods by the depth profiling method also clarified that exposing to acid-vapor was more effective than the acid-dipping method for the elimination of metal impurities.
Introduction
Polytetrafluoroethylene (PTFE) has been used in many industrial fields because of its high purity, chemical inertness, and heat resistance. In ultra trace metal analysis, the purity of PTFE wares is of great concern, because metal elution by contact with acid solution causes high blank values. Analysts have examined many kinds of washing methods to reduce the quantity of elution. In selecting the washing method, although information on the behavior of ultra trace metal impurities is extremely important, such information has been limited because of a difficulty to perform metal analysis in PTFE. Because the absence of evaluation methods has resulted in empirical washing methods, they are sometimes not suitable for washing PTFE wares.
The extraction of metal impurities from PTFE by acid solution has been investigated. [1] [2] [3] The investigations clarified that the behavior of elution depended on the kind of acid used, 1, 2 and that the efficiency of elution is related to the surface roughness. 3 The ultra trace metal impurities in PTFE have been determined by the neutron activation analysis method 1, 4 and combustion methods. 5, 6 A combustion method having a low blank value (sub ppb) was applied for the determination of metal impurities in PTFE powder.
However, such bulk analysis methods are insufficient to show direct information on the metal behavior in PTFE, although the mean values are obtained. The depth profile is expected to clarify the behavior of metal impurities in PTFE wares in relation to metal elution. Therefore, the establishment of contamination-free sampling methods has been required.
In this paper, we report on contamination-free sampling followed by acid-vapor extraction. A silicon wafer was used as a scraping tool because of its high purity, and because it has a cleavage face like cutlery. The use of acid-vapor during extraction reduced the blank value in the ultra trace metal analysis. The ultra trace metal impurities were determined by an ICP-MS equipped with an electrothermal vaporizer (ETV-ICP-MS). These methods can be successfully applied to the depth profiling of commercially available PTFE beakers and to an examination of the effect of acid washing.
Experimental

Preparation of sample pieces
The PTFE beakers examined as analytical samples were obtained by two manufactures. Test pieces of PTFE beaker were cut out from the sidewall of the PTFE beaker with a zirconia cutter. Sample pieces for analysis were scraped from the inside surface of the test piece using the cleft face of a silicon wafer by hand work, as shown in Fig. 1 . During the scraping, the test piece was fixed by hand wearing polyethylene gloves. Although the test peace was curved, there was no obstruction in scraping. The metal impurities in the silicon wafer used were below 0.01 ng g -1 . The thickness of the silicon wafer (200 mm in diameter) was 725 µm, and the crystal orientation was (100). The silicon wafer was washed with 5 wt% HF after it was cleft along the faces of (010) and (001). The scraped area was about 600 mm 2 (20 mm × 30 mm). The weight of a sample piece from one scrape was 0.001 to 0.002 g, corresponding to 1 to 2 µm in depth, as observed by optical microscopy. The fluctuation in the thickness of scrape after ten times was 1.2 ± 0.2 µm. The area and weight of the sample piece were measured after acid-vapor extraction in order to avoid contamination in handling.
Apparatus
An inductively coupled plasma mass spectrometer (Seiko Instruments, Model SPQ-8000H) equipped with an electro thermal vaporizer (Seiko Instruments, Model EV-300) was used for the determination of Al, Cr, Fe, Ni and Cu. Pyrolytic cuvettes were used throughout this work. The instrumental parameters are listed in Table 1 .
Reagents
The ICP-MS Standard (SPEX, Ltd., USA) was used as the mixed stock solution (1.00 µg ml -1 ) of each element. Seventy weight percent HNO3 and 36 wt% HCl for the electronics industry (Kanto Chemical Co., Inc., Japan) were used to generate the acid-vapor. Fifty weight percent HF for the electronics industry (Daikin Co., Inc., Japan) were used to generate the acid-vapor and to wash the silicon wafer. Ultrahigh-purity grade 98 wt% H2SO4 (TAMAPURE-AA-100; TAMA Chemicals Co., Japan) was used to recover the extracted metal ion.
Ultra-high-purity grade 68 wt% HNO3 (TAMAPURE-AA-10; TAMA Chemicals Co., Japan) was used for the leaching test.
Ultra-pure water, whose specific resistivity was higher than 18 MΩcm -1 and whose individual metal concentration lower than 0.01 ng ml -1 , was derived by using a reverse-osmosis and ion-exchange system (manufactured by Ebara Co., Japan).
Extraction of metal impurities
The extraction of metal impurities was carried out by exposing each sample piece to acid-vapor in a sealed container, which was made of PTFE, as shown in Fig. 2 . This container consisted of a main body and an eight-hole-vessel. All parts were washed by aqua regia; particularly the vessel was washed until the blank values of elements (Al, Cr, Fe, Ni, and Cu) decreased to below 0.01 ng in order to determine at the 1 ng g -1 level in the sample piece. The acid-vapor washed not only the sample piece, but also the vessel, so that the blank level decreased further after several acid-vapor treatments. Therefore, the detection limit of sub-ppb level was achievable by using a highly cleaned vessel.
Analytical procedure
To extract sufficient impurities for a determination, 10 scrapes (ca. 0.02 g) of the sample pieces were collected for one measurement taken out from the same depth. The apparent thickness of sample pieces could be expressed using the density of PTFE (2.17 g cm -3 ) as
where T is the thickness (µm) of the sample piece, W is the weight (g) of the sample piece, and S is the area (cm 2 ) of the PTFE surface cut off.
The analytical piece was placed in the eight-hole-vessel after washing with ultra-high-purity water in order to remove the surface contamination produced in the handling process. After a mixture of 50 ml of 36 wt% HCl and 50 ml of 70 wt% HNO3 was poured into the bottom of container, the extraction vessel was set. Subsequently, the container was sealed and placed on a 120˚C hot plate for 15 h. During this period, the metal ions contained in PTFE as impurities were extracted into an acid 1100 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 droplet condensed on the surface of the sample piece. After extraction, the droplets were collected and transferred to another eight-hole-vessel. In order to collect metal ions extracted easily, 250 µl of a 0.2 wt% H2SO4 solution was added to each hole. The droplets were concentrated by heating until fumes of H2SO4 were generated. After cooling, 250 µl of ultrapure water was added to each hole. The contents of Al, Cr, Fe, Ni and Cu were measured by ETV-ICP-MS. The peak area of the MS signal was used for the determination of each element. A blank test was carried out every time with no sample in the hole of the vessel. All operations were performed in a class-10 clean draft placed in a class-1000 clean room. The greatest care was paid to avoid unexpected contamination at each procedure in the analysis.
Results and Discussion
Determination of the extraction conditions
Because the acid for extraction and the extraction time are the most important parameters of the method, they were optimized. The best condition was judged by comparing the combustion method 5 that was performed in parallel.
The most suitable acid for extraction was studied among 50 wt% HF, 36 wt% HCl, 70 wt% HNO3, a mixture of 23 wt% HF and 38 wt% HNO3, a mixture of 16 wt% HCl and 38 wt% HNO3. Commercially available PTFE seal tape of thickness 0.1 mm was used as the standard material in the test. The same extraction processes were expected for the beaker and the seal tape. The reasons for using seal tape were a sufficient metal content to make a measurement and the stability of extraction by uniform thickness. Additionally, there are no other suitable materials as a standard of the purpose. The optimal extraction time and surface temperature of the hot plate were 15 h and 120˚C, respectively. Table 2 gives the metal contents in the seal tape, as determined by the acid-vapor exposing method and the combustion method. Compared with the combustion method, the analytical result of each metal was lower in the case of HF. It is thought that HF does not have sufficient ability regarding metal extraction. In the case of HCl and HNO3, metal elements were not extracted sufficiently, except for Al. To extract all metal elements sufficiently, mixtures of each acid were tested. It was clarified that the HF+HNO3 and the HF+HCl were most effective among the kind of mixture examined. In particular, the analytical results showed a small fluctuation, and were close to that of the combustion method in the case of HCl+HNO3. The higher analytical results of Al than in the combustion method in the cases of HCl and HCl+HNO3 are discussed later. Iron was not completely extracted in all kinds of acid-vapor because of the high content of Fe. These results did not necessarily reflect the reactivity of each element or its compounds with acids. The effect of HCl+HNO3 can be explained by the higher vapor pressure of chlorine compounds generated by the reaction between HCl and HNO3 than that of the other acid-vapor.
Consequently, gaseous chlorine compounds penetrate into the cavity of the sample piece faster, and react with the metals or metal compounds. Table 3 shows the effect of the extraction time for the metal concentrations extracted from the seal tape. The analytical values of Al were lower than case of the combustion method with less than 4 h of processing. Contrary to this, the values were constant and higher with 8 h of processing and above. Even from the results of Table 2 , there is a possibility that the combustion method gave a lower value at Al. The analytical values of Cr fluctuated throughout all of the extraction times. This might have been caused by ununiformity of the Cr content in the seal tape. The analytical value of Fe was slight lower than in the combustion method for all times. It is thought that 1101 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 Al 28 ± 5 6.8 ± 4.1 6.1 ± 3.3 36 ± 7 37 ± 6 38 ± 7 Cr 4 ± 2 2.6 ± 0.5 3.1 ± 0.8 2.5 ± 1.3 3.8 ± 0.9 2.0 ± 0.8 Fe 43 ± 8 33 ± 12 34 ± 7 27 ± 1 31 ± 6 24 ± 6 Ni 3 ± 1 2.7 ± 1.0 2.9 ± 0.5 2.5 ± 0.4 2.1 ± 1.4 2.0 ± 0.9 Cu 6 ± 1 0.8 ± 0.3 0.8 ± 0.4 6.7 ± 1.1 5.9 ± 0.3 5.6 ± 1.4 Table 2 . The efficiency of extraction is thought to be sufficient in the processes for more than 8 h. Subsequently, the extraction was carried out for 15 h.
Blank values and detection limits
The blank value was studied in the same manner as for the determination of the sample pieces. These values reflected the contamination derived from handling of the beaker as well as from the environment, analytical devices and instruments. Table 4 gives blank values with the standard deviation (n = 8), and the detection limits by ETV-ICP-MS. The blank values of Al, Cr, Fe, Ni and Cu, which were calculated with each concentration measured by ETV-ICP-MS and the volume of the solution (250 µl), were 0.006, 0.004, 0.005, 0.002 and 0.003 ng, respectively. The detection limits were defined as the metal concentration giving a signal equal to three-times the standard deviation of the blank signals in the case of using a 0.02 g sample piece. That of Al, Cr, Fe, Ni and Cu were 0.4, 0.2, 0.3, 0.3, and 0.2 ng g -1 , respectively. These low values were achieved by eliminating certain contaminations due to the acidvapor extraction which extracted metal impurities from not only sample species, but also the used PTFE vessel.
Depth profiling commercially available PTFE beakers
The depth profiles of ultra-trace-metal impurities on the inside wall of the commercially available PTFE beakers (obtained from manufacturers A and B) are shown in Fig. 3 . The surface of each beaker was washed by ultrapure water before scraping. In the sample of beaker A, the content of Fe was highest at the surface, and was kept constant with ca. 50 ng g -1 at a depth of 27 -77 µm. Similarly, Al was kept constant with ca. 10 ng g -1 at the same depth range. Cr decreased rapidly from 10 ng g -1 to 1 ng g -1 in the range deeper than 53 µm. Ni and Cu were below 1 ng g -1 in the range deeper than 27 µm. On the other hand, in the sample of beaker B, the concentrations of each element including Fe and Al decreased rapidly in the range deeper than 23 µm. It is thought that the production processes of PTFE caused the metal contamination. The difference in the profiles may reflect the contamination of materials, the press machine, the molding machine and the surrounding environment. It is suggested that the contaminations of materials are related because of the constant distribution of Al and Fe in the sample of A. In the sample of B, a molding machine may be related to the contamination of the surface layer.
Changes in the metal distribution
Changes in the metal distribution in the sample of beaker A and beaker B were checked before and after washing. Figure 4 shows the depth profiles of ultra-trace-metal impurities on the inside wall of beakers A and B after dipping in 41 wt% HNO3 for 60 h at 120˚C. For beaker A, the concentration of Fe decreased by one order of magnitude from the concentration in the unwashed beaker (Fig. 3) , and the concentration of Al was below the detection limit at depths greater than 41 µm. Chromium, Ni and Cu were not detected deeper than 25 µm. For beaker B, the concentrations of Fe and Al did not decrease substantially, as in the beaker A. It is thought that the change in the distribution by washing is originated from the chemical forms and size of the metal impurities and the size of micro pores in the texture of PTFE. Perhaps there was a difference in these for beaker A and beaker B.
Application to evaluating the washing method
The contamination levels in PTFE beakers washed by vapor exposing and acid dipping were compared. The intent of this examination was to establish a quicker and more effective washing technique. In the conventional washing method, such as dipping in an acid solution, it is commonly thought that the acids permeate into the PTFE through its micro pores. The metal impurities react with acids and are extracted to the PTFE surface. 7 Consequently, an acceleration of the permeation rate would raise the efficiency of washing. Acid-vapor was thought to permeate into PTFE more easily under increased pressure in a 1102 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 Fig. 3 The depth profiles of metallic impurities in the surface layers of the inside wall of unwashed commercially available PTFE beakers. , Fe; , Al; , Cr; , Ni; , Cu. Error bar shows three times of standard deviation of blank value. Closed circle means that the analytical value is below the detection limit. Fig. 4 The depth profiles of metallic impurities in the surface layers of the inside wall of washed commercially available PTFE beakers. , Fe; , Al; , Cr; , Ni; , Cu. Error bar shows three times of standard deviation of blank value. Closed circle means that the analytical value is below the detection limit.
sealed environment. The washing process after the permeation of the acid-vapor is thought to be similar to that of the acid dipping method. Figure 5 shows the apparatus of the vapor exposing method. In this apparatus, the inside of a PTFE beaker can be exposed to acid-vapor because the acids are kept at the bottom. In this experiment, beaker B was used. Beaker B was exposed to the vapor formed by 50 ml of 41 wt% HNO3 on a 120˚C hot plate for 60 h. An evaluation of the washing effect was carried out by a leaching test and by depth profiling. The leaching test was carried out by putting 10 ml of 68 wt% ultra-high-purity grade HNO3 in the bottom of a PTFE beaker on a 120˚C hot plate for 3 h. The leached metal impurities were measured by ETV-ICP-MS after evaporation and an adjustment of the volume to 250 µl by ultrapure water. The depth profiling was carried out by the method mentioned above in this study. Table 5 shows that the amount of metal impurities that leached in the HNO3 vapor exposing method was one order or more less than the amount leached during HNO3 dipping. Corresponding to this finding, the profiles of Al and Fe were lower in the HNO3 vapor exposing method of washing than in HNO3 dipping, as shown in Fig. 6 . It was clear that acid-vapor exposing was more effective for PTFE wares. Fig. 6 The depth profiles of metallic impurities in the surface layers of beaker B after it has been exposed to nitric acid-vapor. , Fe; , Al; Chromium, Ni and Cu was below the detection limit at each layer. Error bar shows three times of standard deviation of blank value. Closed circle means that the analytical value is below the detection limit.
